Abstract High stomatal ozone (O3) uptake has been shown to negatively affect crop yields and the growth of tree seedlings. However, little is known about the effect of O3 on the carbon uptake by mature forest trees. This study 10 investigated the effect of high O3 events on gross primary production (GPP) for a Scots pine stand near Antwerp, Belgium over the period 1998-2013. Stomatal O3 fluxes were modelled using in situ O3 concentration measurements and a multiplicative stomatal model, which was parameterised and validated for this Scots pine stand. Ozone-induced GPP reduction is most likely to occur during or shortly after days with high stomatal O3 uptake. Therefore, a GPP model parameterised for days with low stomatal O3 uptake rates was used to simulate 15 GPP during periods of high stomatal O3 uptake. Eventual negative effects of high stomatal O3 uptake on GPP would then result in an overestimation of GPP by the model during or after high stomatal O3 uptake events. The O3 effects on GPP were linked to AOT40 and PODy. Although the critical levels for both indices were exceeded in every single year, no significant negative effects were found of ozone on GPP and no correlations between GPP residuals and AOT40 and PODy were found. Overall, we conclude that no O3 effects were detected on the carbon 20 uptake by this Scots pine stand.
Study area
The study area consisted of a 2-ha Scots pine stand in a 150-ha coniferous/deciduous forest named 'De Inslag', situated in Brasschaat (+51° 18' 33'' N, +04° 31' 14'' E) , northeast of the Antwerp agglomeration and eastnortheast of the Antwerp harbour (Neirynck et al., 2008) . The site has a temperate maritime climate with a mean annual temperature of 11 °C and a mean annual precipitation of 830 mm (Neirynck et al., 2008) .
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The soil has been classified as Albic Hypoluvic Arenosol (Gielen et al., 2011) , a moderately wet sandy soil with a distinct humus and/or iron B-horizon (Janssens et al., 1999) . The sandy layer overlays a clay layer which is situated at a depth of 0.7 -2 m. As a result of the poor drainage groundwater depth is typically high, fluctuating between 0.5 and 2 m (Carrara et al., 2003) .
The trees were planted in 1929 (Neirynck et al., 2008) . In 1995, tree density amounted to 542 trees ha -1 . In the 80 autumn of 1999, the forest was thinned, which resulted in 376 trees ha 
Measurements: meteorology, O3, GPP, and LAI

85
In this study, continuous measurements over the period 1998 -2013 were used, excluding 1999 and 2003 due to poor data quality or coverage. Different meteorological variables were measured on a tower with a height of 41 m, set up in 1996 (Gielen et al., 2013) . A sonic anemometer (Model Solent 1012R2, Gill Instruments, Lymington, UK) measures the wind velocity (WV; m s -1 ). Meteorological data include vertical profiles of air temperature (Tair; °C) and humidity (RH; (%) (HMP 230 dew point transmitter and PT100, Vaisala, Finland) in aspirated radiation 90 shields at 2, 24 and 40 m height. Wind speed measurements (LISA cup anemometer, Siggelkow GMBH, Germany) are conducted at 24, 32 and 40 m height. At the top of the tower, ingoing and outgoing short-wave and long-wave radiation are measured by a CNR1-radiometer (pyranometer/pyrgeometer, Kipp and Zonen, the Netherlands) and a CMP6-pyranometer (Kipp and Zonen, the Netherlands). A wind vane (potentiometer W200P, Campbell, UK) is mounted on a tower rail. Rainfall is registered by a tipping bucket rain gauge (NINA precipitation pulse transmitter, 4 measured using an infrared gas analyser (IRGA) (Model LI-6262, LI-COR Inc., Lincoln, NE, USA). The vertical CO2 flux between the forest and the atmosphere, net ecosystem exchange (NEE), was measured with the eddy covariance technique following standard data quality procedures (Carrara et al., 2003; Gielen et al., 2013; Carrara et al., 2004) . Gross primary production (µmol C m -2 s -1 ) is derived from NEE data, by subtracting the modelled 110 total (autotrophic and heterotrophic) ecosystem respiration from the measured NEE. The ecosystem respiration or total carbon loss is modelled with standardised algorithms as presented in Falge et al. (2001) .
The LAI time series for the Brasschaat forest was reconstructed based on the historical data. The general approach was to use the fragmentary LAImax data that were measured by Gond et al (1999) in 1997, by Konôpka et al. (2005) 
Stomatal conductance measurements
During the summers of 2007 and 2013, stomatal conductance to H2O (gst, H2O) of Scots pine needles was measured at the site. These gst,H2O measurements were based on gas exchange measurements (photosynthesis and transpiration), which were carried out with a leaf cuvette connected to an IRGA (LI-6400, LI-COR, Lincoln, measuring the needle area with a microscope, the gst,H2O data were corrected for the lower needle area. These data Biogeosciences Discuss., doi:10.5194/bg-2016 Discuss., doi:10.5194/bg- -12, 2016 Manuscript under review for journal Biogeosciences Published: 23 February 2016 c Author(s) 2016. CC-BY 3.0 License.
were multiplied by 0.61, which is the ratio of the molecular diffusivities of water vapour and O3 in the air, to convert from gst,H2O to gst.
Multiplicative stomatal model: description
Stomatal conductance was modelled using the multiplicative gst model, first described by Jarvis (1976) . The model
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has been developed to calculate species-specific gst according to phenology and environmental conditions (Emberson et al., 2000) and is described in detail in Appendix A.
We modified the model to make it more applicable for Scots pine. In this modified model (Eq. 1) PAR, Tair, VPD, and SWP influence the range between gmax and gmin instead of gmax and zero. This modification was needed, because in the Brasschaat pine forest stomata never completely close, hence gst is never zero (Op de Beeck et al., 2010) .
Here gst is the stomatal conductance to O3 and gmax is the maximal stomatal conductance to O3. The functions fPHEN, fPAR, fT, fVPD, and fSWP represent the modification of gmax by, respectively, phenology, PAR, Tair, VPD, and SWP.
The function fmin is the ratio of gmin and gmax where gmin is the minimal stomatal conductance to O3 (see Appendix A for more detailed information). Impaired stomatal aperture mechanisms (stomatal sluggishness) due to ozone 155 exposure (Paoletti and Grulke, 2010) were not included in the model development.
Multiplicative stomatal model: parameterisation and validation
For the optimisation of the parameters of the different functions in the model, we assumed that the phenology function was 1. This was deemed a fair assumption, because gst,H2O was measured on mature needles in the summer (July/August 2007 and , in the middle of the growing season.
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The data set, including measured gst, PAR, Tair, VPD, and SWP, was split into two subsets by grouping odd and even rows for data sorted by PAR. One set was then used for parameterisation, the other for validation. The stomatal model was parameterised using the computer program Matlab (version 2013a). The optimisation of all parameters was done with the function 'lsqcurvefit' in Matlab. It finds the best parameter values, starting with an initial value, to best fit the function of the stomatal model to measured gst and can thus be used to fit a nonlinear 165 function with more than two independent variables. All parameters of fPAR, fTair, fVPD, and fSWP were optimised separately, with initial values that were estimated visually from plots of the functions to the dataset.
Multiplicative stomatal model: model evaluation
The parameterised multiplicative stomatal model was then tested against the validation dataset. were estimated in function of the measured gst.
Canopy model
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We applied a canopy model to scale up gst, measured at leaf level, to the canopy level. The canopy model consists of different horizontal leaf layers and includes a radiation transfer model (Goudriaan, 1977) , a solar elevation model (Campbell and Norman, 1998) and the modified multiplicative stomatal model (Emberson et al., 2000) . The model is described in detail in Appendix C.
The model calculates half-hourly totals of the total, stomatal, and non-stomatal O3 fluxes based on the following 185 input variables: day of year, hour, Rg, Tair, VPD, SWP, O3 concentration above the canopy (24m), LAI, and friction velocity u*. The total O3 flux (nmol m -2 s -1 ) for the whole canopy was the product of O3 concentrations (ppb) and gtot (mol (m² ground area -1 ) s -1 ) (Musselman and Massman, 1999) . This last parameter was calculated with an electrical model (Eq. 2).
= (
where gtot is the total conductance to O3 (mol (m² ground area -1 ) s -1 ); gaero is the aerodynamic conductance and is set to 1; gbl is the boundary layer conductance to O3; gcan is the canopy conductance.
The boundary layer conductance to O3 was calculated with the following formula (Baldocchi et al., 1987) is the molar density of air, and is applied for converting the unit of gbl from m s -1 to mol m -2 s -1 .
The canopy conductance consisted of a stomatal and a non-stomatal component. Since the stomatal component varies throughout the canopy, the canopy was divided into eight sublayers so that the leaves were evenly distributed between the horizontal layers. Dividing the canopy into sufficient sublayers was necessary in order to model fluxes
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well. Eight sublayers were considered to be sufficient, as indicated in a sensitivity test with more and less sublayers.
For each leaf layer, the model calculates gst for sunlit and shaded needles, taking the solar elevation angle into account. Non-stomatal conductance was assumed to be constant over the canopy and was set at 0.16. This value was derived from long-term O3 flux measurements in Brasschaat (Neirynck et al., 2012) .
Biogeosciences Discuss., doi:10.5194/bg-2016 Discuss., doi:10.5194/bg- -12, 2016 Manuscript under review for journal Biogeosciences These obtained half-hourly fluxes were aggregated to daily fluxes. These daily fluxes were averaged in order to know the average daily O3 uptake by the canopy for the different years. The ratio Fst/Ftot was calculated and this
gives an indication of the contribution of the stomatal O3 flux to the total O3 flux.
Ozone effects
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A feed-forward back propagation Artificial Neural Network (ANN) in Matlab (Matlab Matworks R2013a, The
MathWorks Inc., Natick, Massachusetts, USA) was used to simulate GPP of the Scots pine forest. The ANN, which contained 10 nodes organised in 1 layer, was trained with 70% data random selected data measured data and validated based on the remaining 30% of data set (R²=0.72). The daily GPP data of the growing seasons between 1998-2013, except 1999 and 2003, were used as dependent target variable, whereas year, day of year,
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Tmin, Tmax, Tmean, average VPD, SWC, Rg, average Tsoil, and average WV of these periods were used as independent input variables. Daily totals of the variables were used, with the exception of VPD, Tsoil, and WV for which daily averaged values were used.
To obtain an O3-damage free GPP model, data from days for which an O3 effect was expected were removed from the dataset. These were the days with stomatal O3 uptake values in the upper 2%, 5 %, and 10% of stomatal O3 220 flux. As the results of a 2% and 10% cut-off were equal to a 5% cut-off, we report only results of a 5% cut-off.
With 2/3 of the data from days with low stomatal O3 uptake, the artificial neural network was trained. The other 1/3 was used to test the model. This O3-damage free GPP model was then run with all data. The absolute and relative differences in GPP accumulated over the growing season between EC-derived and modelled values were calculated, to investigate whether or not there was a reduction of GPP.
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The relation between the residuals of total GPP and both AOT40, POD1 and POD2 was examined. Therefore, a linear fit between the residuals and the indices was made. A significant negative correlation would exist if the slope is significant different from 0 (p < 0.05) and intercept is not significant different from 0 (p > 0.05). These yearly GPP residuals were also plotted to the stomatal O3 flux to investigate their relation and a linear fit was made of which the significance was tested. If GPP was increasingly overestimated in the presence of higher stomatal O3 230 fluxes, this would indicate a deleterious O3 effect.
Ozone effects possibly appear and last during a period of several days after the O3 peaks, and as a result they will not be detected in the above analyses. Due to these possibly lag effects of O3, the above analyses were repeated, but now excluding the days with high stomatal O3 uptake along with the two subsequent days removed from the training and testing datasets.
235
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Results
Measurements: meteorology, GPP, and LAI
A fingerprint of the multi-annual average diel and seasonal pattern in the measured data is shown in Fig. 1 . This figure gives a good overview of how meteorology and GPP typically changed over time in this forest; interannual anomalies from the average patterns can be found in Fig. S1 . Distinct daily and seasonal patterns can be observed the canopy never fully closed.
Multiplicative stomatal model and simulated O3 fluxes
The best fitting parameter values for the multiplicative stomatal model are presented in Table 1 and different statistics to evaluate the model performance are presented in Table 2 . For the parameterisation dataset, the measured data were fitted against modelled gst and plotted in Fig. 4 . The slope of the linear fit was not significantly 250 different from 1 (p > 0.05) and the intercept was not significantly different from 0 (p > 0.05). Model evaluation for the validation dataset was equally good as for the parameterisation dataset (Table 2) . Also in the linear fit for the validation set (Fig. 4, B) , the slope was not significantly different from 1 (p > 0.05) and the intercept was not significantly different from 0 (p > 0.05).
In (Fig. S2) . We observed the lowest ratios in the beginning and at the end of the growing season. Above-average ratios were observed at the peak of the growing 260 season.
Ozone effects on GPP
Total GPP (mol C m -2 day -1
) was calculated for days with low stomatal O3 uptake, high stomatal O3 uptake and for the entire growing season, using both the EC-derived GPP data and the modelled GPP data (Table 3 ). For days with low stomatal O3 uptake, the average daily total GPP was 0.48 mol C m -2 day -1 , and the models reproduced
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GPP very well (Table 3) . When we calculated total GPP for days with high stomatal O3 uptake, the EC-derived fluxes were much higher than for the days with low stomatal O3 uptake. This was probably due to the higher irradiation that typically occurs during high O3 events and stimulates GPP. The higher GPP, however, also suggests that negative O3 effects on GPP were highly unlikely. This is exacerbated by the fact that our models almost consistently underestimate GPP during high O3 events (Table 3) , whereas we hypothesised the exact opposite,
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namely that the models would overestimate GPP during these events because they were parameterised for low O3 days. We also observed no differences between both models, suggesting no lagged O3 effects on GPP (Table 3) .
A weak, negative correlation between total GPP residuals and Fst exists for the GPP model trained without days with high stomatal O3 uptake (Fig. 7, A) , while a small positive correlation is shown for the GPP model which tested for lag effects of O3 (Fig. 7, B) . However, these differences were not statistically significant at p<0.05. For 275 both models, correlations between total GPP residuals and AOT40, and between total GPP residuals and both POD1 and POD2 existed. These correlations were also not statistically significant at p<0.05 (Fig. 7 , C, D, E, F, G, and H).
Discussion
Multiplicative stomatal model
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All statistics shown in Table 2 clearly indicated that the fitted multiplicative stomatal model performed well. For both parameterisation and validation datasets, the model explained 72 % of the variance in gst. For both datasets, slope and intercept of the linear regression lines of measured versus modelled gst were not significantly different from 1 and 0, respectively (Fig. 4) . Moreover, the model efficiency (ME in (Willmott et al., 1985) , which was the case for this model. Low mean bias (MB) and low mean relative error (MRE) further indicated very good performance.
The good performance of the model can also be observed in Fig. 5 , in which the boundary lines represented the response of gst to the independent variables when other variables were not limiting (Martin et al., 1997) . The 290 boundary lines fitted close to the data points, which is an indication of a good model, because the multiplicative stomatal model is based on the assumption that the variables act more or less multiplicatively and independently from each other (Grüters et al., 1995) .
Multiplicative stomatal models based on Jarvis (1976) have been parameterised earlier for generic Scots pine forests in Europe (Mills et al., 2011; Buker et al., 2015) and used to estimate critical levels for this species.
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However, the empirical the dose-response relationship for Scots pine is based on only one two-year fumigation study on small seedlings and, therefore, high uncertainty exists in the modelled O3 impact on Scots pine growth.
The parameterisation of Mills et al. (2011) and Büker et al. (2015) differ from that of this study in a number of parameters. First, the needles of the Scots pine stand in Brasschaat had a higher night-time gst (gmin) and will therefore take up more O3 at night. Maximal gst, in contrast, is lower in Brasschaat than estimated for other Scots 300 pine forests, implying that during episodes of high O3 concentrations, the Brasschaat site is unlikely to take up very high amounts of O3. This may have contributed to the absence of a clear O3 response at our study site. Also the Scots pine stand in Brasschaat is less sensitive to drought stress than the generic model, due to a higher VPDmax and a wider SWP range. The wider SWP range is mainly due to a clearly lower SWPmax. lead to different critical levels and under-or overestimation of possible O3 damage. Species-specific parameterisation is important, but site-specific parameterisation is clearly important as well.
Stomatal O3 fluxes at canopy scale
The stomatal O3 flux contributed on average for 26 % to the total O3 flux over the study period (Fig. S2) . This fraction is similar to the 21 % stomatal O3 flux in a Danish Norway spruce stand (Mikkelsen et al., 2004) is typically less than 50 % of the total O3 flux. A five-year study on a Mediterranean Pinus ponderosa stand showed a stomatal O3 flux contribution of 57 % (Fares et al., 2010) . Clearly species-and site-specific differences such as tree age or micro-climate are introducing large variability in stomatal O3 uptake (Neirynck et al., 2012) .
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The low relative stomatal O3 flux in the Scots pine stand in Brasschaat could be the result of the sparse canopy with low LAI. Although no relation between stomatal O3 flux and LAI was found in a previous site study on this site (Neirynck et al., 2012) , interannual and seasonal variation in LAI is very small, rendering such a correlation analysis very difficult.
Ozone effects on GPP
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Although our models reproduced GPP very well, we did not observe immediate or lagged effects of high stomatal O3 uptake on GPP (Table 3 ; Fig. 7, A, B) . Some earlier studies have investigated the effect of O3 on forest carbon uptake. Cumulative stomatal uptake of 27 mmol m -2 over the growing season did not result in any visible damage or a reduction in NEE of a poplar plantation in Belgium (Zona et al., 2014) . Zapletal (2011), on the other hand, reported that CO2 uptake of a Norway spruce forest in the Czech Republic increased with increasing stomatal O3 325 flux, followed by a sudden decrease in CO2 uptake, suggesting that an O3 flux threshold exists. Fares (2013) showed a negative correlation between GPP and O3 uptake at two Mediterranean ecosystems (a forest dominated by Pinus ponderosa in California, USA and an orchard site of Citrus sinensis cultivated in California, USA). A GPP reduction of 1-16% in response to O3 uptake under ambient O3 concentrations of 30-50 ppb was determined across vegetation types and environmental conditions in the United States by Yue and Unger (2013) . The 330 magnitude of reduction depended on the sensitivity to O3 of the species and on the biome types.
AOT40 is, at present, the European standard for forest protection (EEA, 2014), with a critical level of 5000 ppb h, equivalent to a growth reduction of 5 % (Mills et al., 2011) . In this study on Scots pine in Brasschaat, this value was far exceeded in all years ( Fig. 7 ), yet no negative effect on GPP was observed in years with higher AOT40
values. Particularly noteworthy is the extreme high AOT40-value of 2006, which was due to the high O3 concentrations during that year, which, nevertheless, did not result in GPP reductions (Table 3) .
PODy is considered a more appropriate index for potential O3 damage because it considers O3 flux. The critical level of POD1 is species-specific; a critical level of 8 mmol m -2 with 2 % growth reduction is used for Norway spruce and a critical level of 4 mmol m -2 with 4 % growth reduction is used for birch and beech (Mills et al., 2011 Notwithstanding the absence of a statistically significant negative correlation between GPP residuals and both AOT40 and PODy, critical levels for both AOT40 and PODy were exceeded every single year. AOT40 is based on O3 concentration and these concentration-based indices have been shown to be weaker indicators for O3 damage than flux-based indices (Karlsson et al., 2007; Simpson et al., 2007) . The critical level of PODy for Scots pine was 350 adopted from the critical level for Norway spruce (Mills et al., 2011) . Possibly this critical level is too low for Scots pine. As shown by Reich (1987) , pines are less sensitive to O3 compared to hardwoods and crops. This supports the idea of a too low critical level.
Overall, no significant O3 effects on GPP accumulated over the growing season were found. Although no significant O3 effects on GPP were found in this study, it is still possible that O3 negatively affected this Scots pine 355 stand in Brasschaat. Stomatal O3 uptake was linked to reductions in GPP only. As already stated in the introduction, protective responses such as compensation and enhanced tolerance occur in trees (Skärby et al., 1998) . It is likely that trees at our study site were able to fully detoxify the incorporated O3. As a result, no O3 effects on carbon uptake were detectable. However, this protection may have come at a respiratory cost, which may have reduced the NPP/GPP ratio of this forest. The NPP/GPP ratio of our study site was very low (Gielen et al., 2013) . In 360 addition to the poor nutrient status (limitation by P and Mg, extremely high N deposition; (Neirynck et al., 2008) ), O3 uptake may partly be responsible. This can, however, not be tested because pine forest NPP data were not available at annual timescale.
Summary
We parameterised a multiplicative stomatal model for a Scots pine stand in Brasschaat. This species-and site-365 specific parameterised model performed very well. With this model, stomatal O3 fluxes were calculated and used to test for O3 effects on GPP. Only very small reductions in growing season GPP were calculated. Although critical levels for AOT40 and PODy were exceeded in every single year, no significant negative correlations between total GPP residuals and stomatal O3 flux, AOT40, and PODy were found. In general, we can thus conclude that no O3 effects were detected on the carbon uptake by the Scots pine stand in Brasschaat.
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where gmax is the species-specific maximum stomatal conductance to O3 (mmol m -2 s -1 ) expressed on a total leaf surface area basis. The other parameters are expressed in relative terms as a proportion of gmax;
fmin is the ratio of gmin to gmax; where gmin is the minimal stomatal conductance that occurs during daylight period; 380 fphen represents the modification of gmax due to phenological changes; fPAR represents the modification of gmax by photosynthetically active radiation (PAR);
fT represents the modification of gmax by air temperature (Tair); fVPD represents the modification of gmax by vapour pressure deficit (VPD); fSWP represents the modification of gmax by soil water potential (SWP). 385
Phenology modifies gmax because of the variation in gst due to differences in needle age. The function can be modelled as follows:
where SGS is the start of the growing season;
EGS is the end of the growing season;
b, c, and d are species-specific parameters representing the minimum of fPHEN, the number of days for fPHEN to reach its maximum and the number of days during the decline of fPHEN for the minimum to reach 395 again, assuming linear increase and decrease at the start and end of the growing season.
The stomatal response PAR is described by a rectangular hyperbola, where aPAR is a species-specific parameter determining the shape of the hyperbola (Emberson et al., 2000) ;
The stomatal response to Tair is given by a parabolic function, where Tmin is the minimum temperature 400 at which stomatal opening occurs, and Topt is the optimum temperature of stomatal opening (Emberson et al., 2000) ;
The stomatal response to VPD is described by the following relationship, where VPDmin is a threshold 
The stomatal response to SWP is described by the following relationship, where SWPmin is a threshold for minimal stomatal opening, and SWPmax is a threshold for full stomatal opening (Emberson et al., 2000) ; 410
Biogeosciences Discuss. The mean bias (MB) is the mean difference between the simulations (Si) and the observations (Oi), with n being the number of data points (Stone, 1993 );
The mean relative error (MRE) is the mean relative difference between the simulations and the observations (Peierls, 1935) ; 420
Willmott's index of agreement (d) is a dimensionless goodness-of-fit coefficient, with ̅ being the mean observation (Willmott, 1981) ; The index can vary between 0 and 1, with d equals 1 for a perfect agreement between simulations and observations.
The model efficiency (ME) gives an indication of how well the observations match the simulations (Nash & Sutcliffe, 1970) ; Model efficiency can range from -∞ to 1 and is 1 when simulations and observations match perfectly. An efficiency of 0 indicates that the simulations are as accurate as the mean observation and an efficiency of less than zero indicates that the mean observation is a better predictor than the model. 430
The root-mean-squared error (RMSE) is a measure of the mean absolute difference between the simulations and the observations, weighting large differences heavily (Willmott et al., 1985) ; The systematic component (RMSEs) estimates the model's linear or systematic error, hence, the better the regression between simulations and observations, the smaller the systematic component (Willmott et 435 al., 1985) . The unsystematic component is a measure of how much of the discrepancy between simulations and observations is due to random processes (Willmott et al., 1985) . A good model will provide low values of RMSE, with RMSEs close to zero and RMSEu close to RMSE (Willmott et al., 1985) .
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Part 1 The canopy model
The canopy model is an algorithm to scale up gst at leaf level to gst at canopy level. Subsequently, O3 fluxes are calculated with an electrical conductance analogy model, which calculates the instant canopy ). All layer conductances can be summed to obtain the conductance of the canopy as a whole (gcan). 465
The total conductance is a function of gbl and gcan based on an electrical conductance analogy model.
where gaero is the aerodynamic conductance; gbl is the boundary layer conductance; gcan is the canopy conductance.
Total O3 flux (nmol m -2 ground area s -1 ) is the O3 flux for the whole canopy and is then calculated by: 470
where [O3] is the O3 concentration (ppb).
Stomatal O3 flux is the fraction of the total O3 flux taken up by the stomata and is calculated by:
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Non-stomatal O3 flux (Fns) is the difference between total O3 flux and stomatal O3 flux:
Part 2 The solar elevation submodel
This submodel calculates the solar elevation angle, β (radians), at each time step (Campbell and Norman, 480 1998). 
Part 3 The radiation transfer submodel
The radiation submodel calculates the direct (Ib0) and diffuse (Id0) fraction of the incoming radiation (I) at the top of the canopy. Hence, I is equal to Rg. These calculation is based on the difference between Biogeosciences Discuss., doi:10.5194/bg-2016-12, 2016 Manuscript under review for journal Biogeosciences Published: 23 February 2016 c Author(s) 2016. CC-BY 3.0 License. measured and theoretically potential incoming radiation above the canopy, which is depending on β, the 495 solar elevation angle (Op de Beeck et al., 2010) .
First the sunlit LAI fraction of each horizontal leaf layer i is calculated with Beer's law:
where kb is the direct radiation extinction coefficient; Ω is a factor accounting for inter-and intra-crown foliage clumping; LAIc(i) is the cumulative LAI above a horizontal leaf layer i. 500
A spherical needle angle distribution is assumed, hence = 0.5/ sin (de Pury, 1997).
The shaded LAI fraction of each horizontal leaf layer i is calculated as follows:
where fsun(i) is the sunlit LAI fraction.
The intensity of direct radiation does not decline through the canopy, but the diffuse radiation does and 505 is calculated with Beer's law:
where Id0 is the incoming diffuse radiation.
The total received radiation by a sunlit fraction (Isun(i)) is the sum of direct and diffuse radiation. Shaded leaves only receive diffuse radiation: 510
where ( 3 ) is the averaged leaf angle for a uniform needle angle distribution; Ib0 is the incoming direct radiation at top of the canopy; Id(i) is the diffuse radiation for a horizontal leaf layer i.
Total received irradiance is now converted to total received PAR and split into PAR per horizontal leaf 515 layer.
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